Forecasting the Thermosphere (Atmosphere's uppermost layer, from about 90 to 800 km altitude) is crucial to space-related applications, from space mission design, to re-entry operations, space surveillance and more. Thermospheric dynamics is directly linked to the solar dynamics through the solar UV input, which is highly variable, and through the solar wind and plasma fluxes, impacting Earth's magnetosphere. The solar input is non-periodic and non-stationary, with long-term modulations from the solar rotation and the solar cycle, and impulsive components, due to magnetic storms. Proxies of the 5 solar input exist and may be used to forecast the thermosphere, such as the F10.7 radio flux and the MgII EUV flux. They relate to physical processes on the Solar atmosphere. Other indices, such as the A p geomagnetic index, connect with Earth's geomagnetic environment. We analyse the proxies' time series comparing them with in-situ density data from the ESA/GOCE gravity mission, operational from March 2009 to November 2013, therefore covering the full rising phase of solar cycle XXIV, exposing the entire dynamic range of the solar input. We use Empirical Mode Decomposition (EMD), an analysis technique 10 appropriate to non-periodic, multi-scale signals. Data are taken at an altitude of 260 km, exceptionally low for a LEO satellite, where density variations are the single most important perturbation to satellite dynamics.
analysis: Low activity, from Mission start to end of September 2010; Rising phase, where activity rises from minimum to 90 maximum levels, until July 2012, and a steady, High Activity phase, until end of Mission, Nov 2013, where activity is almost stationary and close to the levels of Solar Maximum. High activity period also coincides with GOCE low-orbit campaign, bringing the satellite down from 260 to 230 km height. The average value of density is steady rising, in this period, solely due to the altitude lowering. In the subsequent analysis, solar proxies are tested with their capability to reproduce thermospheric density, within these three different dynamical regimes. In Fig.3 , the full-Mission thermospheric density dataset is shown. Due 95 to in-flight anomalies, the density dataset is affected by gaps, ranging from tens of seconds to days. The most significant gap starts July 8th 2010 and lasts 67 days. Also to be noted is the expected steady increase in average density due to the orbit lowering after July 2012. Signal from solar and geomagnetic proxies, F10.7, MgII and Ap, have been pre-treated for outliers identification and removal. Spline interpolation have been used to fill in missing or removed data. The Ap signal, which is available on a three-hours interval, has been averaged over 24 hours. Ap has also been shifted by a fixed 9-hours amount. The 100 thermosphere, infact, reacts to the impulsive geomagnetic forcing with a delay. We have determined this delay by maximising the correlation between Ap and ρ signals during geomagnetic events, resulting in a a fixed 9-hours delay which has been applied to the Ap signal. Geomagnetic storms represent the impulsive component of the solar input, lasting from hours to days.
They originate from solar plasma ejected during CME events and impacting Earth's magnetosphere, or from shocks forming at the interfaces between fast and slow solar wind. Figure 4 shows four examples of atmospheric response to geomagnetic 105 storms, occurred during Mission lifetime and captured by GOCE. Reconfiguration of the geomagnetic field induces currents Thermospheric density signal is then reconstructed from a linear superposition of the set of IMF's from the solar proxies:
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where the coefficients c i may be zero or one, thereby selecting only a subset of the IMF components function resulting from the signal analysis. We have determined the optimal combination of IMF's, capable of reproducing the signal, based on the minimization of the RMS error: Fig.11 shows the best synthesised signal from a combination of the Full-Mission IMF modes from Ap , MgII and F10.7 Fig.   155 12 shows instead the best synthesised signals from the different sets of IMF's determined for the three separate subsets, during low solar activity, rising phase and high solar activity. Table 1 shows, for all cases, the individual components of the optimal synthesized signal. Table 2 compares the optimal solution with two cases where either F10.7 or MgII is selected as solar UV proxy. A number of consideration may be drawn from the analysis. Firstly, all syntheses require the A p signal to be taken into account, although during low solar activity its relative contribution to the overall signal is small. This confirms the relevance 160 of the state of the interplanetary medium on the short-term dynamics of the thermosphere. The A p signal is intermittent and all IMF components are always needed to reconstruct the signal. This is not the case for the solar flux proxies, F10.7 and MgII, whose long-wavelength components appear most in the decomposition. Solar input is therefore basically captured by the short-time-scale variations given by A p , and the longer timescales trends capturedd by the solar flux proxies. Secondly, M gII performs better then F 10.7. In fact, the sole combination of A p and M gII is performing very similarly to the full 165 three-indices combination. The only exception being low solar activity periods, where inclusion of F 10.7, somewhat improves signal reconstruction.
Conclusions
We have performed an analysis of three of the most commonly used solar flux and geomagnetic proxies, F10.7, MgII and A p in relation to the time evolution of thermospheric density measured in-situ grom 260 to 230 km altitude, using the GOCE 170 thermospheric density dataset, which spans most of the rising phase of Solar cycle 24, from minimum to maximum, covering the full dynamical spectrum of the solar input ot the thermosphere. Thermospheric density signal, for the whole Mission and form three sub-intervals of low, rising and high solar activity, has been analysed through Empirical Mode Decomposition. Once the basis functions have been determined, they have been optimally recombined to reconstruct the density signal. Analysis shows how that during low solar activity, the low-frequency components from the solar flux proxies contribute most to the 175 signal, while during both the rising phase and the high solar activity period, the geomagnetic proxy A p is needed to capture the impulsive geomagnetic events connected to the evolution of the interplanetary medium. During low and medium solar activity, thermospheric signal can be reconstructed with an RMS errors of about 2.6% and 7.4%, respectively. Semi-empirical atmospheric models (NRLMSISE-00 and Jacchia-family models above all) are usually credited to fall in the 10% error range.
During high solar activity, error increases to over 10%, although this figure is affected by the trand due to orbit lowering and 180
